Abstract. One method for lining the inner surface of a steel cylinder with copper alloy is to pour molten copper alloy into a heated cylinder, which has been previously filled with borax anhydride. This process replaces the molten borax anhydride with molten copper alloy. After the cylinder is cooled, the embedded copper alloy is drilled along its center axis so that a prescribed thickness of the copper alloy may remain. However, when the cylinder is made of cast iron including high concentration of carbon, the copper alloy does not bond to the inner surface of the cylinder. To solve this problem, we investigated to utilize the decarburization phenomenon. Two methods were investigated. In one method, the cast iron cylinder filled with FeO powder is heated at a high temperature so that the carbon precipitates in the cast iron may get out through reaction with O 2 formed by decomposition of FeO. In the other method, the cast iron cylinder is only heated in air. A decarburized layer is formed beneath an oxide layer. In both methods, the lining of cast iron with copper alloy was attained.
Introduction
The holes of a hydraulic cylinder made of steel are often lined with a copper alloy so that the sliding characteristics of the pistons moving through the holes may be improved. Although it is generally difficult to obtain junction between steel and copper alloy, methods to do so have been devised by several researchers. These methods are used, for example, to line the sliding surface of hydraulic steel cylinders with copper alloy [1] [2] [3] [4] . One method for lining the inner wall of a steel cylinder with copper alloy is to pour molten copper alloy into the cylinder that has been previously heated with molten borax anhydride filled in the cylinder. This process replaces the molten borax anhydride with the molten copper alloy. After the cylinder is cooled, the embedded copper alloy is drilled along its center axis so that a prescribed thickness of the copper alloy may remain.
A hydraulic steel cylinder of practical use, which is formed by machine work, often has many holes and has a complicated structure. Therefore, the machine work is laborious and needs much time, increasing the cost of manufacturing. Thus, if the machine work of the steel cylinder had been replaced by casting, the fabrication of a hydraulic cylinder would be simplified and low-cost. However, when the cylinder is made of cast iron including a high concentration of carbon, the copper alloy does not bond to the inner wall of the cylinder. This is probably because the carbon oxide formed through the reaction between the carbon precipitates at the cylinder wall and the oxygen gas in air blows out from the cylinder wall.
To solve this problem, we investigated to utilize the decarburization phenomenon. Two methods of decarburization were investigated. One is the method developed by Yamada et al. [5, 6] . They developed a method of decarburization to overcome the difficulty of the welding of cast iron [7, 8] .
In their method, a cast iron embedded in FeO powder is heated at a high temperature. The carbon precipitates in the cast iron get out through reaction with O 2 formed by decomposition of FeO powder. In the other method, the cast iron is only oxidized in air at a high temperature. In this case, a decarburized layer is formed beneath a surface oxide layer [9] . In both methods, the lining of a cast iron with copper alloy was attained. The detailed procedure, the structure of the interface between cast iron and copper alloy, and the results of the break test of the junction between cast iron and copper alloy are reported.
Experimental procedure
In the investigation of the method using FeO powder, several square chips of flake graphite cast iron with an edge length of 10 mm and a thickness of 5 mm, embedded in FeO powder which filled an iron pot, were heated at 1153, 1203 or 1253 K. After different durations of heat treatment, the chips were removed one by one from the pot. The cross-section of the specimens thus obtained was polished by means of abrasive paper and buffing, and was observed using a scanning electron microscope (SEM, Hitachi 3500H) furnished with an energy dispersive X-ray micro-analyzer (EDX). In order to make specimens for the investigation of the bonding between copper alloy and cast iron, cast iron cylinders with an inner diameter of 15 mm, an outer diameter of 50 mm, and a depth of 40 mm were made. After being filled up with FeO powder as illustrated in Fig. 1(a) , these cylinders were heated in an electric furnace at a temperature of 1153, 1203 or 1253 K. After cooling to room temperature, the FeO powder in the cylinders was brushed away. Thereafter, the cylinders were filled with borax anhydride as a flux and heated to 1203 K. At this temperature, the borax anhydride melted because its melting temperature is 1151 K. Immediately after the heated cylinders were removed from the electric furnace, molten copper alloy of a composition of Cu 0.87 Sn 0.08 Pb 0.03 Ni 0.02 heated at 1523 K was poured into the cylinders, as illustrated in Fig. 1(b) . This caused the molten flux to all spill out from the cylinder, because the density of the borax anhydride is smaller than that of copper alloy. After cooling, disks of 2 mm thickness ( Fig. 1(c) ) were cut out of the cylinders embedded with copper alloy, and then strip specimens 44 mm long and 6 mm wide ( Fig. 1(d) ) were cut out of the disks. After the strip specimens were polished, the structure of the interface between the cast iron and copper alloy was observed using SEM and EDX. The strip specimens were also examined using a tensile stress tester.
In the investigation of the method utilizing high temperature oxidation, cast iron chips were oxidized for various time durations in air at 1153, 1203 or 1253 K. These chips were embedded in polyester resin and were cut into two pieces. The cross sections of the specimens thus obtained were observed using SEM and EDX. Cast iron cylinders were also oxidized at 1153, 1203 or 1253 K. After cooling to room temperature, the cylinders were filled with borax anhydride and then heated to 1203 K. After that, molten copper alloy heated at 1523 K was poured into the cylinders. The strip specimens cut out of the cylinders were observed using SEM and EDX and were examined using a tensile stress tester. The thickness d of the decarburized layer is summarized in Fig. 3 , where d 2 is plotted as functions of the heating time t with the decarburization temperature T as a parameter. The value of d 2 is shown to be generally linear to t. This is consistent with the results for the spherical graphite cast iron obtained by Yamada et al. [5] . We also analyzed the slope of the lines in Fig. 3 , namely, the rate constant k(T), which is shown in Fig. 4 . From Fig. 4 the rate constant was found to be expressed as Aexp(-E a /k B T), and the activation energy E a was found to be 174 kJ/mol. This value is close to the activation energy 157 kJ/mol of carbon diffusion in iron [10] , and is also close to the activation energy 183.5 kJ/mol of the decarburization obtained for spherical graphite cast iron by Yamada et al. Thus, the carbon diffusion is the rate determining process of the decarburization as pointed out by Yamada et al.
Results and discussion
Photographs of the strip specimens, which were cut out of cylinders embedded with copper alloy, are shown in Fig. 5 . Figure 5 
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is for the cylinder without decarburization. In the decarburized specimen, the copper alloy apparently bonded to the cast iron. However, the copper alloy did not bond to the cast iron in the specimen without decarburization; when a strip specimen was cut out of the disk, the copper alloy was easily separated from the cast iron, as shown in Fig. 5(b) .
The strip specimens after the break test are shown in Fig. 6 . They are, in sequence from the top of the figure, the specimens decarburized for 1.8, 7.2, and 18 ks at 1203 K. It can be seen that all specimens formed were broken not at the interface between the cast iron and the copper alloy, but in the region of the copper alloy. This demonstrates that the junction formed between the cast iron and the copper alloy is strong enough. According to the results shown in Figs. 3 and 6 , it can be concluded that the copper alloy successfully bonded to the cast iron, if the decarburied layer is thicker than about 90 µm. Figure 7 shows an example of the SEM and EDX images at the interface between the cast iron and the copper alloy. Figure 7(a) is the SEM image, while Figs. 7(b), 7(c) and 7(d) are the images of the carbon, iron and copper distributions, respectively. In the SEM image, the copper alloy is observed as a light gray area on the right. Comparing the SEM image with the carbon distribution image, it can be seen that a decarburized layer with a thickness of 290 µm was formed. It was observed that the copper alloy smoothly connected to the decarburized layer. It should be noted that the copper alloy penetrated the cast iron to a depth of 80 µm. This shows that voids were formed by the decarburization of the cast iron, and that the voids near the surface of the cast iron were embedded with the copper alloy.
A method utilizing high temperature oxidation
The SEM image in addition to carbon, oxygen, and iron distributions obtained for the cast iron chips heated in air at 1203 K for 7.2 ks is represented in Fig. 8 . It is shown that an oxide layer 180 µm thick was formed at the surface. Furthermore, a decarburized region about 260 µm thick under the oxide layer was formed; while carbon precipitates appearing black are recognized in the non-decarburized region, they are not recognized in the decarburized region. According to literature [9] , the oxide layer is composed of an upper layer made of The thickness of the oxide layer and that of the decarburized layer are summarized as functions of heating time for the different heating temperatures in Fig. 9 . The increase in thickness of the oxide layer with increasing heating time is neither linear nor parabolic as pointed out in literature [9] , reflecting the complexity of the oxidation of the cast iron as a composite material. 
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The break test was carried out for the strip specimens that were made using the cylinders oxidized for various time durations at 1153 K or 1203 K. In the oxidation for 1.8 ks at 1153 K, a junction between copper alloy and cast iron could not be obtained; the junction was broken in the process of cutting a strip out of a disk. On the other hand, in the oxidation for 3.6 ks at 1153 K, the strip specimen was easily divided at the interface between cast iron and copper alloy only by a tension of about 4 MPa. In the oxidation for 7.2 ks at 1153 K and that for 3.6 ks at 1203 K, the strip specimens were broken in the region of copper alloy, which indicated that the junction between cast iron and copper alloy were strong enough. Thus, we conclude that the cast iron can be successfully lined with copper alloy, when it is oxidized to have a decarburized layer equal to or thicker than about 120 µm.
Conclusions
While a hydraulic cylinder made of steel lined with a copper alloy is commercially available, a hydraulic cylinder made of cast iron lined with a copper alloy is not available. This is because the bonding of copper alloy to cast iron has generally been considered impossible. Through this study, it was demonstrated that copper alloy could be firmly bonded to the inner surface of a cylinder made of cast iron by taking advantage of either of the two methods of decarburization. In one of the two methods, the cylinder embedded with FeO powder is heated at a high temperature. In the other method, the cylinder is heated in air. If the reliability of these processes can be confirmed, cast iron cylinder lined with copper alloy would be popular because the casting process is low-cost compared with the machine process necessary for the fabrication of steel cylinders. 
